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Rare earth elements (REEs) are critical components of modern tech-
nologies but present a notoriously difficult separation challenge. Here,
we report a rationally truncated variant of the calcium-binding RTX
domain that improves REE selectivity by reducing binding site hetero-
geneity. The engineered scaffold, RTX(2), exhibits improved binding
affinity, structure stability, pH-tunable elution, and enhanced chroma-
tographic resolution, achieving over 200-fold selectivity within the REE
series.

Efficient separation of REEs remains a critical bottleneck in
securing sustainable access to materials that power modern
technologies.” Despite their indispensable roles in electronics,
clean energy, and defense, REEs remain notoriously difficult to
purify due to their nearly indistinguishable physical and
chemical properties."”” Industrial processes still rely on
solvent-intensive liquid-liquid extraction, which is environ-
mentally costly and requires numerous stages to achieve
desired purities."™ Emerging biological strategies offer a fun-
damentally different approach in which natural and engineered
proteins can distinguish REEs with remarkable specificity.
These include lanthanide-binding tags (LBT),* small peptides
developed through combinatorial engineering to bind lantha-
nides, lanmodulins (LanM),” naturally occurring lanthanide-
binding proteins with picomolar affinities, and calcium-
binding proteins,® which exhibit intrinsic affinity for REE due
to chemical similarity with calcium ions.

Chromatography systems with immobilized proteins have
made significant strides in leveraging protein selectivity to
separate individual REEs. For example, LanM-based columns
have demonstrated single-stage separation of non-REEs and
have been used to separate mixtures of neodymium and
dysprosium, two major components of NdFeB permanent mag-
nets, with greater than 95% purity and yield.”® In multi-stage
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systems, LanM has also enabled the individual separation of
scandium and yttrium and group separation of lanthanides
into light, middle, and heavy fractions through combined pH-
and chelator-based elution strategies.” More recently, HEW5, a
newly discovered high-capacity calcium-binding protein with a
strong ability to discriminate between light REEs, was immo-
bilized and used to achieve single-stage, chelator-free separa-
tion of lanthanum and neodymium with over 90% purity and
yield, which are two predominant REEs in bastnidsite mining
concentrates.’® These studies demonstrate that protein-based
systems can serve as a modular and sustainable platform for
selective REE separation. However, improvement in the selec-
tivity of the proteins is still necessary to fractionate complex
REE mixtures into their individual components in single
chromatographic steps.

Proteins often exhibit a parabolic affinity preference, favor-
ing intermediate REEs,®? unlike strong chelators such as
citrate and EDTA, which show increasing binding affinities
across the lanthanide series. This trend likely arises from a
thermodynamic interplay between the hydration energy, charge
density, and the geometric fit of the ion within the binding
pocket of the protein.'*'* That fit, in turn, is governed by the
coordination geometry and the structural features of the bind-
ing site. Binding site rigidity plays a central role in this
selectivity: while flexible binding environments can accommo-
date a broader range of ions, more rigid architectures can
exclude suboptimal fits, thereby enhancing ion discri-
mination.”® Beyond the first coordination shell, second-shell
interactions, particularly hydrogen bond networks, can further
stabilize preferred geometries and refine selectivity. This has
been observed in LBTs and Hans-LanM.®'® However, many
natural proteins contain multiple, structurally distinct binding
sites, which can lead to heterogeneous ion preferences across a
protein. This feature can broaden elution profiles in chromato-
graphic systems. To address these challenges, we investigated
the impact of site heterogeneity by rationally truncating a high-
capacity calcium-binding protein to isolate its most selective
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Fig. 1 (A) Crystal structure of block V of the RTX domain, RTX(8), showing
eight calcium-bound sites (PDB ID: 5CVW). (B) Truncated scaffold RTX(2),
retaining the two C-terminal calcium-binding sites. Inset: Calcium coor-
dination geometries vary across RTX(8), with the RTX(2) region exhibiting a
dense, water-mediated second-shell hydrogen-bonding network. Gray
dashed lines represent coordination bonds to protein residues, and yellow
dashed lines indicate water-mediated coordination and hydrogen bonding
interactions.
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Fig. 2 (A) Isocratic elution profile of a La/Nd/Dy mixture using RTX(8),

showing overlapping peaks and low separation resolution at pH 5.0. (B)
Analysis of binding free energy (AG) for calcium in RTX(8), highlighting
stronger affinities at the C-terminal sites, and second-shell hydrogen-
bond networks, with RTX(2) sites exhibiting dense water-mediated stabili-
zation. (C) Apparent dissociation constants (Kg) for REEs measured by
FRET-based titrations of RTX(8), RTX(4), and RTX(2), showing increased
binding affinity upon truncation. Error bars represent 95% confidence
intervals of fits.
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Fig. 3 Isocratic elution profiles of La, Nd, and Dy mixture using (A) RTX(8)

and (B) RTX(2) illustrating significantly improved retention and selectivity at
pH 5.0. (C)-(H) pH-Dependent elution behavior of RTX(2) across a range
of isocratic conditions (pH 5.0 to 3.0) demonstrates the pH-tunable
selectivity of RTX(2).

binding sites, which we hypothesized would enhance its separa-
tion capabilities.

Block V of the repeat-in-toxin (RTX) domain from Bordetella
pertussis of the adenylate cyclase protein is a calcium-binding
protein that functions as a molecular “ratchet,” facilitating the
secretion of the full RTX protein through the type I secretion
system.”” This domain, referred to hereafter as RTX(8), is
intrinsically disordered in the cytosol but undergoes directional
folding upon exposure to calcium-rich extracellular environ-
ments. It binds eight calcium ions sequentially from the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Selectivity of RTX(2), referenced to Eu, demonstrates over 200-

fold selectivity with the lanthanide series. Experimental details and selec-
tivity calculations are presented in SI.

C- to N-terminus, forming a B-roll structure stabilized by a
C-terminal capping group (Fig. 1A)."”">° RTX(8) binds lantha-
nides with higher affinity than calcium, can strongly discrimi-
nate against non-REEs and maintains its folded conformation
under highly acidic conditions (pH < 1), making it an attractive
scaffold for industrial applications."> However, the polarized
folding of the scaffold generates a cooperative binding behavior
and a steep affinity gradient across the protein. This hetero-
geneity results in broad REE elution profiles of mixed REEs and
limits the selectivity of the scaffold within the REE series
(Fig. 24).

To better understand the affinity gradient across RTX(8), a
per-site analysis of binding free energy revealed a polarized
distribution of calcium-binding energies, with the strongest
affinities located at the C-terminal sites (Fig. 2B). While this
method does not explicitly account for water coordination, a
limitation especially relevant for site 1, the trend aligns with
structural features observed in previous studies. The second-
shell hydrogen-bonding network showed that the C-terminal
sites form a highly connected hydrogen bond network sup-
ported by tightly coordinated water molecules, likely enhancing
the stability and rigidity of the pocket (Fig. 1B and 2B). Guided
by these observations, we designed two truncated scaffolds:
RTX(4), retaining the four C-terminal calcium-binding sites
(sites 1-4), and RTX(2), preserving only two sites (sites 1 and
2) (Fig. 1B). The effect of truncation on REE binding was
quantified by fusing each scaffold between a Forster resonance
energy transfer (FRET) pair, cyan and yellow fluorescent pro-
teins, and measuring binding curves via titration with indivi-
dual REEs. Fitting the FRET response to the Hill equation
revealed a nearly five-fold improvement in apparent dissocia-
tion constants for RTX(2) compared to RTX(8), which was
consistent across the REE series (Fig. 2C). These results confirm
the presence of a steep affinity gradient in the full-length
RTX(8) and identify the C-terminal region, RTX(2), as a rigid,
high-affinity binding motif, stabilized by a dense second-shell
hydrogen bonding network, features likely to enhance REE
selectivity in chromatographic applications.

The effect of truncation on REE selectivity was examined via
isocratic elution profiles of a three-element mixture (La, Nd,
and Dy) using covalently immobilized RTX(8) and RTX(2).

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) Elution profile of an equimolar La/Ce/Nd/Eu mixture using RTX(8)
under a linear pH gradient (pH 5.0 to 3.0), showing broad peaks with limited
resolution. (B) RTX(2) under the same gradient yields sharp, well-defined peaks
for each REE. (C) and (D) Purity analysis of each ion based on zone fractiona-
tion, with RTX(2) showing significantly enhanced separation performance.
Zones were defined based on the predominant ion in each fraction. Values
are averages from triplicate runs presented in SI.

RTX(4) was not pursued for further characterization because
its second-shell coordination remained more heterogeneous
(Fig. 2B). RTX(8) showed weak selectivity, with all three ions co-
eluting and only minor differences in retention (Fig. 3A). In
contrast, RTX(2) retained ions more effectively, eluting only
~40% of La, ~10% of Dy, and virtually no Nd over 40 column
volumes at pH 5.0 (Fig. 3B), indicating a substantial improve-
ment in retention and selectivity. The scaffold was further
evaluated across a range of isocratic pH conditions: over 80%
of La eluted within 20 CVs at pH 4.0, Dy at pH 3.5, and Nd at pH
3.0 (Fig. 3C-H), highlighting the pH-tunable selectivity of the
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Table 1 Purity and yield analysis of an equimolar La/Ce/Nd/Eu mixture
separation using RTX(8) and RTX(2). The errors represent the averages of
three trials

Purity (%) Yield (%)

RTX(8) RTX(2) RTX(8) RTX(2)
La zone 45 + 2 69 + 8 92 +£6 85+t 4
Ce zone 40 £ 3 50 £ 5 32+9 64 + 7
Nd zone 46 + 2 53 +4 23 +11 25+ 6
Eu zone 60 £1 79 £3 31 +2 74 £2

scaffold. Additionally, the selectivity of the RTX(2) scaffold
across the REE series was evaluated using an eight-element
mixture (La, Ce, Nd, Eu, Tb, Dy, Yb, and Y), revealing over
200-fold selectivity within the series (Fig. 4).

Finally, to evaluate the separation performance of the engi-
neered scaffold, we applied RTX(2) in the separation of an
equimolar mixture of four REEs (La, Ce, Nd, and Eu) using a
linear pH gradient. This was achieved by mixing buffer A
(10 mM MES, pH 5.0) with buffer B (10 mM MES, pH 3.0) over
a 10-column-volume elution window. RTX(8), consistent with
earlier observations, produced broad and overlapping peaks
with poor resolution between species and only modest enrich-
ment of La (Fig. 5A). In contrast, RTX(2) yielded sharp, discrete
elution peaks for all four REEs, with clearly improved separa-
tion profiles (Fig. 5B). To quantify separation performance, the
elution curves were segmented into zones based on the most
abundant ion in each fraction, and the purity and yield of each
REE were calculated. RTX(2) exhibited a substantial improve-
ment in both metrics relative to RTX(8), with certain zones
showing more than a two-fold gain in recovery (Fig. 5C, D and
Table 1). These results highlight the effectiveness of scaffold
truncation in eliminating low-affinity sites and concentrating
binding around a highly selective core, enabling finer resolu-
tion of chemically and physically similar REEs.

In summary, this study demonstrates that rational trunca-
tion of a calcium-binding RTX scaffold can significantly
enhance REE selectivity by reducing site heterogeneity and
concentrating binding within rigid pockets. The engineered
RTX(2) variant exhibits improved binding affinity, dense
second-shell hydrogen bonding, and pH-tunable resolution,
enabling improved separation of REEs. These findings estab-
lish binding site homogeneity as a powerful design strategy for
tuning selectivity. This approach can be broadly applicable to
other metalloproteins where structural heterogeneity limits
performance, promoting the development of scalable and
sustainable mining.
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